Focal mechanisms of small-moderate earthquakes in Denizli Graben (SW Turkey) by unknown
Earth Planets Space, 65, 943–955, 2013
Focal mechanisms of small-moderate earthquakes
in Denizli Graben (SW Turkey)
T. Serkan Irmak
Kocaeli University, Engineering Faculty, Department of Geophysical Engineering, Seismology Section, 41100, Kocaeli, Turkey
(Received November 15, 2012; Revised May 13, 2013; Accepted May 20, 2013; Online published October 9, 2013)
The present study seeks to determine the fault mechanisms of small-moderate earthquakes in Denizli Graben
in Turkey and to deﬁne the relation of the fault mechanism with the regional tectonics. For this purpose, 20
earthquakes, which occurred in the time period 2004–2009, were analyzed. Focal mechanisms were determined
using the focmec algorithm and time domain regional waveform inversion techniques. The analyzed earthquakes
were characterized by a normal faulting mechanism with a large dip angle and a small amount of strike-slip
components. The depths of the earthquakes were located in the range of 6–8 km. The stress inversion of
the studied earthquake focal mechanism data show that the present-day stress ﬁeld is characterized by a pure
extensional regime (R′ = 0.74) and a horizontal direction of extension at N9◦E, close to N–S. The orientations
of the principal stress axes are vertical for σ1 and horizontal for σ2 and σ3. Axis orientations are found as
62◦/277◦, 28◦/100◦, and 1◦/9◦ (dip/azimuth direction) for σ1, σ2 and σ3, respectively. According to the direction
of the principal stress axes, Denizli Graben is opening in the direction of NE-SW. The extension rate is calculated
as 0.41 mm/year for the whole of Denizli Graben, using the seismic moment values. Focal mechanism solutions
and the directions of the horizontal stresses, SHmax and Shmin, inferred from the analysis of the focal mechanisms,
show good agreement with the general features for Denizli Graben.
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1. Introduction
The tectonic framework of Turkey is dominated by the
continental collision of the Eurasian and African plates with
Eurasia as shown in Fig. 1 (McKenzie, 1972; Jackson and
McKenzie, 1984). The Arabian plate is moving in a north-
northwest direction relative to Eurasia at a rate of about 18
mm/yr (McClusky et al., 2000), averaged over about 3 My
based on the analysis of global seaﬂoor spreading, fault sys-
tems, and earthquake slip vectors. These models also indi-
cate that the African Plate is moving in a northerly direction
relative to Eurasia at a rate of about 6 mm/yr (McClusky
et al., 2000). Different motions between Africa and Ara-
bia (∼8–15 mm/yr) are thought to be taken up predomi-
nantly by the left-lateral motion along the Dead Sea trans-
form fault. This northward motion results in a westward
extrusion of the Anatolian Plate.
According to this model, the Anatolian plate is rotat-
ing counter-clockwise, relative to Eurasia, about an Euler
pole located north of the Sinai peninsula (31.1◦N, 33.4◦E),
which results in a slip velocity of 24 mm/yr for the North
Anatolian Fault (McClusky et al., 2000). This westward
motion of Anatolia results in an extensional stress ﬁeld in
the Aegean region. Moreover, the Aegean region moves
as a more or less coherent unit respect to Eurasia with a
much higher velocity (∼30 mm/yr) than the correspond-
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ing velocity of the Anatolian Plate (Kahle et al., 1998) to
the southwest. This complex movement has resulted in
the N-S extensional regime created mainly by the motion
of the Anatolian Plate and the subduction of the African
Plate under the southern margin of the Anatolian Plate. The
African Plate subducts the southern margin of the Anato-
lian Plate, which has caused E-W, NW-SE, NE and NW
trending normal faults developing the grabens in the South-
westen Anatolia region (Dewey and S¸engo¨r, 1979; Jackson
and McKenzie, 1984; Eyidog˘an and Jackson, 1985; Taymaz
et al., 1991; Taymaz and Price, 1992; Koc¸yig˘it et al., 1999;
Gu¨rer et al., 2003; Zhu et al., 2006, among others).
The Southwestern Anatolian region, where Denizli
Graben is located, is one of the most active seismic re-
gions in Turkey and consists of a series of E-W, NW-SE
and NE-SW trending Grabens such as Bakırc¸ay, Gediz,
Ku¨c¸u¨kmenderes, Bu¨yu¨kmenderes, and Go¨kova Grabens.
Its seismotectonic features are very complex due to block
rotation, and dispersed stress accumulation. The pattern of
shallow seismicity is scattered over a zone along the ma-
jor graben systems and characterized by small and moder-
ate earthquakes. Furthermore, historical seismicity records
prove that the faults developing these grabens generate
earthquakes from moderate to large sizes (Table 1). The
Denizli basin is a small and local basin within this region,
trending NW-SE, which is also exposed to small to moder-
ate earthquakes.
The determination of earthquake source parameters such
as the seismic moment, focal mechanism, and depth, can
contribute to earthquake hazard response by quickly char-
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Fig. 1. Geological map of the Denizli Graben System. SL1 and SL2 subsurface structures; AFZ: As¸ag˘ıdag˘dere Fault Zone; KMF: Ku¨c¸u¨kmalıdag˘ Fault
Zone; B.M. Graben: Bu¨yu¨k Menderes Graben, (modiﬁed from Kaymakc¸ı, 2006).
Table 1. Moderate and large earthquakes which have occurred in southwestern Turkey (Ergin et al., 1967; Alsan et al., 1975; Soysal et al., 1981;
Ambraseys, 1988; Eyidog˘an et al., 1991) since 1900.
No Date Time (local time) Location Intensity Magnitude (Ms) Casualties
1 04.10.1904 00:07 Burdur IX 6.9 300
2 19.07.1933 22:07 C¸ivril-Denizli VIII 5.7 20
3 30.01.1964 19:45 Tefenni-Burdur VIII 5.7 —
4 13.06.1965 22:01 Denizli VIII 5.7 14
5 23.03.1969 23:08 Demirci-Manisa VIII 5.9 —
6 28.03.1969 03:48 Alasehir-Manisa VIII 6.5 53
7 28.03.1970 23:02 Gediz IX 7.2 1086
8 19.04.1970 15:29 Gediz VIII 5.8 —
9 23.04.1970 11:01 Demirci-Manisa VIII 5.6
10 12.05.1971 08:25 Burdur VIII 5.9 57
11 01.10.1995 17:57 Dinar-Afyon VIII 6.1 90
acterizing the fault plane (Pasyanos et al., 1996) and also
can aid earthquake early warning systems by providing sta-
ble estimates of the regional source parameters (Bo¨se et al.,
2009). Furthermore, the accurate estimation of hypocen-
ters, fault plane systems, and the orientation of the P and
T axes derived from focal mechanism, are very useful in
understanding the regional tectonics and kinematics in a re-
gion (Holt et al., 1991). Therefore, the present study aims
to determine the fault mechanisms in the Denizli Graben
System and to deﬁne the fault mechanism in relation to the
regional tectonics, as well as to provide a stable regional
source parameters’ database. The installation of broadband
stations since 2004 by the Kandilli Observatory and the
Earthquake Research Insitute (KOERI) makes it possible to
analyze the small to moderate earthquakes that occur at lo-
cal and regional distances, using regional body-waveform
analysis. For this purpose, the focal mechanisms of the
20 earthquakes (M ≥ 3.1) which occurred in the Deni-
zli Basin from 2004 to 2009, and a determination of the
present-day stress ﬁeld, are presented in this study. Within
this scope, both regionally recorded seismic waves and ﬁrst
motion polarities were used to extract information about the
earthquake sources, in particular, depth, seismic moment
and focal mechanism. For the determination of fault plane
mechanisms, different methodologies have been used. First,
the well-known search method of Snoke et al. (1984) was
applied on the P-wave ﬁrst motion data to 20 earthquakes.
Then, the waveform matching method of Dreger and Ro-
manowicz (1994), and Pasyanos et al. (1996), was used for
suitable earthquakes. A formal inversion method (the Win-
Tensor program of Delvaux and Sperner, 2003) was per-
formed in order to determine the present-day stress ﬁeld.
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The extension rate was calculated by Brune (1968) using the
seismic moments obtained from regional body-wave inver-
sion analysis. Earthquake fault mechanisms, present-day
stress ﬁelds and extension rates enhance our understanding
of the seismotectonics within the Denizli Graben System.
2. Tectonic Settings
The Denizli Graben System is located in an area where
three major E-W Grabens (Gediz, Ku¨c¸u¨kmenderes and
Bu¨yu¨kmenderes) approach at their eastern ends and the
NE-SW trending C¸ivril, and the E-W to NE-SW Acıgo¨l,
Grabens join. The Denizli Graben System is deﬁned as
a NW-SE trending basin about 50 km in length and 7–28
km in width and an actively growing rift system and has
been studied in detail by Westaway (1993), So¨zbilir (2002),
Koc¸yig˘it (2005), Westaway et al. (2005) and Kaymakc¸ı
(2006), (Fig. 1).
The Denizli Graben System developed upon pre-
Oligocene metamorphic rocks both the Menderes Massif,
Lycian Nappes and an Oligocene-Lower Miocene molas-
sic sequence (So¨zbilir, 1997, 2002). According to West-
away (1993), the development of the Denizli Basin started
14 Ma years ago and the total slip is between 1050 and
2080 m, and the estimated average slip rate is 0.14–0.15
mm/year (Koc¸yig˘it, 2005). The initial form of graben (7
km to 28 km) is much wider than the present-day form
(3 km to 14 km) and has been uplifted and dissected into
several small-scale sub-horsts and sub-grabens (Koc¸yig˘it,
2005). The Denizli Graben System is subdivided into four
segments of different sizes and orientations: (a) the NW
trending Buldan-Pamukkale Segment comprises the bulk of
the modern graben system; (b) the E-W trending Honaz
Segment; (c) the NE trending Kocabas¸ Segment, and (d)
the E-W trending Kaklık Segment (Koc¸yig˘it, 2005). The
Denizli Graben System has many normal faults of varying
lengths (0.5 km to 40 km): Babadag˘, Honaz, As¸ag˘ıdag˘dere,
Ku¨c¸u¨kmalıdag˘, Pamukkale, Buharkent, Kaleko¨y, Buldan,
C¸ukurko¨y fault zones and faults (Koc¸yig˘it, 2005).
Babadag˘ Fault Zone: The Babadag˘ Fault zone is the
southern incipient and about 3 km wide and 66 km long,
NW trending and graben-facing range-front normal fault
zone and has played an important role in both the ear-
lier, and the present day, developing history of the Denizli
Graben System. It contains two major faults, and also a
number of short (0.5–12 km) closely-spaced synthetic nor-
mal faults (Koc¸yig˘it, 2005). The Babadag˘ Fault Zone is still
active and has produced 1703, 1717 and 1744 historical pe-
riod earthquakes (Ergin et al., 1967; Soysal et al., 1981;
Ambraseys and Finkel, 1995) and generated the 19 August,
1976 (ML = 5.0) earthquake (Ates¸ and Bayu¨lke, 1982).
Honaz Fault Zone: This is another southern incipi-
ent margin-bounding fault zone in the vicinity of Honaz
County. The Honaz Fault Zone is about 2 km wide and 13.5
km long, E-W trending and graben-facing step-like normal
fault zone. It consists of four parallel north dipping major
fault segments and ﬁve synthetic fault segments (Koc¸yig˘it,
2005). Koc¸yig˘it (2005) indicates that the major segment of
the Honaz Fault Zone is an oblique-slip normal fault dip-
ping an average of 56◦NNE, with a minor dextral strike-slip
component. The Honaz Fault Zone is seismically active and
generated the 1703 earthquake during the historical period
(before 1900 AD) (Ergin et al., 1967; Soysal et al., 1981;
Ambraseys and Finkel, 1995).
As¸ag˘ıdag˘dere Fault Zone: The As¸ag˘ıdag˘dere fault zone
located at the southernmost edge of the graben is about 5 km
long. It contains four NE-SW trending short (0.5–5 km),
and closely-spaced, fault segments. Their stereographic
plot shows that the fault segment is an oblique-slip normal
fault (Koc¸yig˘it, 2005).
Ku¨c¸u¨kmalıdag˘ Fault Zone: This is a 2–3 km wide and 10
km long, NW trending fault zone located at the northeastern
edge of the Denizli Graben System. It consists of three NW-
SE trending faults: Ku¨c¸u¨kmalı (4–5 km long), Du¨zc¸alı (0.5–
8 km long) and Sarıkaya (6–7 km long). The 13 June, 1965
(ML = 5.3) Kaklık (Denizli) earthquake was located in the
Ku¨c¸u¨kmalıdag˘ Fault Zone (Koc¸yig˘it, 2005).
Pamukkale Fault Zone: The fault zone is the northern
margin-bounding fault zone of the Denizli Fault System.
The fault is about 4 km wide and 53 km long, NW trending
(excluding a southernmost, 7 km long, E-W trending seg-
ment) with a normal fault mechanism. It contains two ma-
jor and several small to moderate faults (Koc¸yig˘it, 2005). A
moderate earthquake occurred in the fault zone on 21 April,
2000 (ML = 5.2) (O¨zalaybey et al., 2000; Horasan et al.,
2002).
Kaleko¨y Fault Zone: The Kaleko¨y fault zone is described
by Koc¸yig˘it (2005) as a NW trending normal fault zone, 2–8
km wide and 34 km long. It consists of four fault segments.
O¨zalaybey et al. (2000) and Koc¸yig˘it (2005) indicated that
most of the shallow-focus earthquake epicenters were con-
centrated in the northern hanging-wall block of the Kaleko¨y
fault zone. Their focal-mechanism solutions indicated that
the kinds of faults varied from dip-slip to oblique-slip nor-
mal faults.
3. Source Parameters
The number of digital broadband stations operated by
the National Earthquake Monitoring Center of The Kandilli
Observatory and Earthquake Research Institute (NEMC-
KOERI) has been increasing since the devastating Kocaeli
earthquake of August 17, 1999, in Turkey. Therefore,
nowadays it is possible to obtain reliable fault plane solu-
tions for any area of Turkey using waveform inversion tech-
niques. Digital data sets have been available since 2004 and
accessible via the internet provided by the NEMC-KOERI
data center. The data used in this study were obtained from
NEMC-KOERI. There were 36 earthquakes in the time pe-
riod of 2004–2009. The polarity method was used to com-
pute the fps of 20 earthquakes, additionally the inversion
method could be applied to ten of them. In Table 2, only
one result for each is given, but in the appendix both results
are shown for the ten earthquakes. All events were located
in the upper brittle crust and the depths of all events are less
than 10 km, located at 6–8 km.
3.1 Fault plane solution (P-wave ﬁrst motion)
The fault plane solutions were calculated by utilizing
P-polarities on vertical component seismograms running
the focmec programs (Snoke et al., 1984) for the analyzed
earthquakes. All available polarities from national seismic
stations were carefully read. The number of stations with
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Fig. 2. Velocity Model for the Denizli Graben System, the depth of Moho is 29 km (modiﬁed from Akyol et al., 2006).
unambiguous ﬁrst arrival polarities varies from earthquake
to earthquake, but events with fewer than 10 clear polar-
ity readings were discarded, as were those with ambiguous
polarities. The P-waves were converted to displacement
in order to see the P-wave onsets better due to low S/N
ratio. Assuming the double-couple model for the seismic
point source, P-polarities on displacement seismograms
were then read. Polarity errors could be caused by a low
S/N ratio at stations near nodal planes, so called ‘misloca-
tions’, or structural heterogeneity, biasing calculation of az-
imuth and take off angle, and aliasing effects (Scherbaum,
1994). However, no polarity error was allowed in the solu-
tions. Events with multiple acceptable solutions, indicating
different mechanisms, or with faulting parameters’ uncer-
tainties exceeding 20◦, are not reported in this study.
3.2 Time domain moment tensor analysis
The theory of moment tensor analysis involves ﬁtting
theoretical waveforms with observed broadband waveforms
and inverting for the moment tensor elements. Inversion
for the seismic moment tensor was performed following the
least squares approach of Dreger and Helmberger (1993),
and Dreger (2003), who have demonstrated that the method
is reliable for events with local magnitudes as low as 3.5.
The body waveform modeling technique is described by
Dreger and Helmberger (1993). This method utilizes three-
component body waveforms recorded at local (less than
100 km) and regional (100 to 1000 km) distances to de-
termine the seismic moment tensor. This procedure is de-
signed to obtain reliable solutions using a minimal num-
ber of stations. Data from a single three-component station
would be sufﬁcient, but a few stations with some azimuthal
coverage generally could give more reliable results. Typ-
ically, only two or three three-component broadband sta-
tions are required to obtain a unique solution (Dreger and
Helmberger, 1993). Indeed, several regional moment tensor
inversion studies were performed with a few stations and
some azimuthal coverage (Dreger and Helmberger, 1991,
1993; Romanowicz et al., 1993; Gee et al., 1996; Shomali
and Slunga, 2000).
The source time function is assumed to be a Dirac delta
function since the events used in this study generally have
source durations of 2–3 s (ML < 5), and seismograms in
the passband of 20–50 s are used (Dreger, 2003).
The source depth is found iteratively by ﬁnding the solu-
tion that yields the largest variance reduction. The results of
the moment tensor inversion are generally not very sensitive
to location errors. Dreger and Helmberger (1993), and also
Pasyanos et al. (1996), showed that errors of up to 15 km in
epicenter locations are less important at a distance range of
50–400 km.
Green’s functions were calculated following a modi-
ﬁed Haskell algorithm in the frequency-wavenumber do-
main (Saikia, 1994). The formulation uses the three ba-
sic focal mechanisms: normal, reverse and pure strike-slip
(Langston, 1981; Herrmann and Wang, 1985). Far-ﬁeld and
near-ﬁeld terms are both considered in this algorithm. The
sampling rate was ﬁxed at 2 Hz. The most important step
for the regional moment tensor analysis is to develop an
accurate 1-D velocity model due to the calculation of cor-
rect Green’s functions at regional distances. The velocity
model of Akyol et al. (2006) was used as an initial model. A
trial and error method that gave the best ﬁt and higher vari-
ance reduction (VR) between the observed and calculated
seismograms was used to adjust the ﬁnal velocity model
(Fig. 2).
The quality of the inversion can be controlled by differ-
ent functions. Dreger et al. (1995, 2000) indicated that
output data variance and also variance reduction that as-
sumes a value of 100 when observed and calculated seis-
mograms are identical. Furthermore, the resulting tensor
can be decomposed into a double-couple (DC) and a Com-
pensated Linear Vector Dipole (CLVD). The percentage of
DC (PDC) (Jost and Herrmann, 1989) shows how well the
model complies with a double-couple source. Note that any
CLVD contribution is an artifact of the present inversion
scheme and indicates the inﬂuences of structural complexi-
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ties that are not considered in the calculation of the Green’s
functions, source complexities, location errors (depth), etc.
The obtained source parameters are given in Table 2.
3.2.1 Data processing Data from broadband sta-
tions accessible via the internet from the KOERI data
center at (http://barbar.koeri.boun.edu.tr/sismo/zKDRS/
zzTRwavType.asp) were selected at a regional distance.
Recently, station coverage has increased signiﬁcantly in
this area. The three-component broadband seismograms
were cut into predeﬁned time segments and transformed
into Seismic Analysis Code (SAC) format and converted
to ground displacement using poles and zeros. Before
integration using the trapezoidal rule (within SAC), a linear
trend was removed, and the data was tapered (5–10% of
window length using the Hanning window), and rotated
into a ray coordinate system. Frequency bands used are
dependent on magnitude (Dreger et al., 1995). Accord-
ingly, 3.5 < ML < 4.0 correspond to the frequency band
0.02–0.1 Hz; and 4.0 < ML < 5.0 to 0.02–0.05 Hz. A
second-order Butterworth bandpass ﬁlter was applied in
a forward and backward direction to prevent phase shift.
Data were resampled (2 Hz). Finally, synthetic data had to
be time corrected (zero-offset) to compensate for errors in
the overall velocity model, source depth, etc.
3.3 Stress inversion
Fault plane solutions of earthquakes occurring in the brit-
tle part of the crust are expressions of the present regional
stress ﬁeld, and how these stresses act on existing struc-
tures in the crust. Thereby, the fault plane solutions ob-
tained from the inversion method are useful to deﬁne in the
tectonic stress ﬁeld and enable implications regarding dy-
namic processes and tectonic evolution. Especially, for the
middle and lower crust, where borehole measurements are
not possible, the analysis of the focal mechanism is the only
tool for in-situ stress measurements.
To study the present-day stress ﬁeld for the Denizli
Graben, a new Win-Tensor program, the Windows version
of the TENSOR program (Delvaux, 1993) developed by D.
Delvaux, according to the procedure described in Delvaux
and Sperner (2003) and using a Quality Ranking scheme as
in the World Stress Map project (Sperner et al., 2003), was
used for formal stress inversions of the given focal mecha-
nism. TheWin-Tensor program runs were based on twoma-
jor assumptions for the studied region: (a) the stress ﬁeld is
uniform and invariant in space and time; and (b) earthquake
slip d occurs in the direction of maximum shear stress τ
(Bott, 1959). The angle between the calculated stress τ and
the slip vector d is the misﬁt angle α. Thus, the correspond-
ing misﬁt function to be minimized for each earthquake i is
the misﬁt angle α:
f (i) = a(i). (1)
The orientation of the three orthogonal principal stress axes
σ1, σ2 and σ3 (where σ1 ≥ σ2 ≥ σ3) and the stress ratio R:
R = (σ2 − σ3)/(σ1 − σ3) (2)
which expresses the magnitude of σ2 relative to the magni-
tudes of σ1 and σ3.
The main stress regime is a function of the orientation of
the principal axes and the shape of the stress ellipsoid: ex-
tensional when σ1 is vertical, strike-slip when σ2 is vertical,
and compressional when σ3 is vertical. For each of these
three regimes, the value of the stress ratio R ﬂuctuates be-
tween 0 and 1. Therefore, Delvaux et al. (1997) introduce
the stress regime index R′:
• R′ = R when σ1 is vertical (extensional stress regime)
• R′ = 2 − R when σ2 is vertical (strike-slip stress
regime)
• R′ = 2 + R when σ3 is vertical (compressional stress
regime)
R′ deﬁnes the stress regime on a continuous scale from 0
(radial extension) to 3 (radial compression), in detail from
0 to 1 for normal faulting regimes (σ1 sub-vertical), from 1
to 2 for strike-slip regimes (σ2 sub-vertical), and from 2 to
3 for thrust faulting regimes (σ3 sub-vertical).
The data were processed interactively by the TENSOR
program. First using the “Right Dihedron Method”, a
graphical method for the determination of possible orien-
tations of σ1 and σ3, which are independent of the choice of
the nodal planes (Angelier and Mechler, 1977). The initial
result is used as a starting point for the iterative grid-search
“Rotational Optimisation” procedure using the misﬁt func-
tion F5 in the TENSOR program package (described as f3
in Delvaux and Sperner, 2003). It minimizes the misﬁt an-
gle α (Eq. (1)) using the stress tensor. It also favours high
shear stress magnitudes |τ(i)| and low normal stress magni-
tudes |v(i)| on the plane in order to promote slip. It contains
three terms and is implemented in a way that ranges from
0 (optimal misﬁt) to 360 and is independent of the ratio of
σ3/σ1. The ﬁrst term that minimizes α is based on function
S4 of Angelier (1991):
f (i) = sin2(α(i)/2) (3)
and is dominant over two other terms (see Delvaux and
Sperner, 2003 for details).
First, both nodal planes for each earthquake were in-
verted to a stress tensor. Then the plane that is best ex-
plained by the stress tensor is selected from the two nodal
planes (smaller value of function F5 in TENSOR or f3 in
Delvaux and Sperner, 2003) and considered as the actual
fault (or focal) plane. After this separation, the ﬁnal in-
version then includes only focal planes that are best ﬁtted
by a uniform stress ﬁeld (Gephart and Forsyth, 1984). The
graphical output of the stress tensor in an equal-area pro-
jection allows the evaluation of the overall quality of the
result.
3.4 Slip rate
The Brune (1968) method was used to calculate the slip
rates for the Denizli Graben System. The total average dis-
placement for the whole length of the fault can be calculated




where u is the total average displacement (m), μ is the rigid-
ity (N m−2), A0 is the fault (m2) area and M0 is the seismic
moment (N m). The seismic moments for the earthquakes
are calculated from regional waveform inversion.
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Fig. 3. Inversion results for the ﬁrst event in Table 2. (a) First motion solutions. (b) Moment tensor analysis result. (c) Inversion details. (d) Waveform
ﬁtting, dashed: calculated, solid: observed seismograms. Letters and numbers below seismograms indicate station code, ﬁltered data, azimuth,
maximum amplitude, respectively.
4. Results and Discussion
Figure 3 gives an example of the inversion result de-
tails for event no. 1 (Table 2). This is the largest event
(Mw = 4.7) among the analyzed earthquakes. Data from
8 of the available 10 stations in a distance ranging between
90 and 300 km were used for inversion. Data of the other
two stations were not used due to their low S/N ratio. The
observed and calculated seismograms were band-pass ﬁl-
tered at 0.02–0.05 Hz. The S/N ratio of event 1 is gener-
ally good for frequencies above 0.02 Hz (Dreger and Helm-
berger, 1993). Variance reduction (VR) is 63.5% and the
misﬁt between the observed and calculated seismograms is
good and is probably decreased by the noise on the hori-
zontal components. The source depth by the inversion (8
km) is slightly larger than the International Seismological
Centre (ISC) (4 km) solutions (ISC, 2010), but smaller than
the Global Centroid Moment Tensor Project (GCMT) (12.2
km) and the Istituto Nazionale di Geoﬁsica e Vulcanologia
(INGV) solutions (14 km). A moment magnitude was ob-
tained of Mw = 4.7, which is less than, but comparable
with, the GCMT (Mw = 5.0) and the INGV (Mw = 4.9)
solutions. The focal mechanism indicated normal faulting
with a large strike-slip component with the T -axis trending
NNE-SSW and the P-axis nearly NW-SE, which is con-
sistent with the tectonics of the region. The solution of
the ﬁrst motion polarities presented a good agreement with
the focal mechanism obtained by moment tensor analysis.
The moment tensor analysis and solutions of the ﬁrst mo-
tion polarities are given in Appendix A. In general, the re-
gional moment tensor analysis results indicate a high CLVD
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Fig. 4. Focal mechanisms of analyzed earthquakes in the Denizli Graben System. The numbers above/below the beach balls show the event number in
Table 2. The red triangle marks the epicenter of the June 13, 1965, earthquake epicenter. Dashed area indicates the approximate area of the Denizli
Graben which was used for slip rate calculation. White and black arrows on the top of the ﬁgure represent T and P axes directions, respectively.
BMG: Bu¨yu¨k Menderes Graben, GG: Gediz Graben, AG: Acıgo¨l Basin, KB: Kale Basin.
value (Appendix A). This could be due to oblique, nonpar-
allel layers, strong heterogeneities, anisotropy (usually not
so strong), or other unconsidered effects and errors. Ad-
ditionally, the large CLVD values due to hydrothermal ef-
fects in the Denizli region, especially at the triple junction
of the Bu¨yu¨k Menderes fault and Gediz/Pamukkale fault in
the north of the Denizli Basin.
Figure 4 summarizes the resulting fault plane solutions
for all earthquakes investigated in this study (Table 2). Most
events are characterized by near horizontal T -axes oriented
essentially NNE-SSW, i.e., events 1, 5, 6, 8, 9, 12, 13,
14, 15. The focal mechanisms reﬂect that the extensional
regime is dominant in the NE-SW direction in the Denizli
Graben. Four events which occurred in adjacent grabens
(events 3, 4, 7 and 10) also show a normal faulting mecha-
nism.
The analyzed earthquakes were characterized by normal
faulting mechanisms with large dip angles and small strike-
slip components. C¸akır (1999) indicates that the Pamukkale
Fault Zone displays a subordinate component of sinistral
strike-slip in addition to a dominant component of normal
dip-slip. Also, recent work of Noten Van et al. (2013) has
concluded that some normal faults were reactivated causing
a left-lateral deformation in a transient strike-slip stress ﬁeld
with NE-SW orientations. The focal mechanism of the
earthquakes which occurred around the PFZ in Fig. 4, in
a NE-SW faulting direction have a small amount of left-
lateral strike-slip component.
S¸engo¨r (1987) has pointed out that all extensional earth-
quakes in Western Anatolia, and in the Aegean, occur at
depths not exceeding 10 km. Akyol et al. (2006) consid-
ered the depth distribution of the well located earthquakes
and they showed that the predominant depth of seismicity is
around 9–10 km. The results indicate that the depths of the
analyzed earthquakes, deﬁned by regional moment tensor
analysis, are located in the range of 6–8 km.
Figure 5 shows the diagrams of focal mechanism inver-
sions of the Denizli Graben earthquakes. Four events (i.e.
events 3, 4, 7, 10 in Table 2) occurred outside the graben,
so they were not included in the stress inversion. For the
focal mechanism, the kinematic p, b and t axes (Table 3)
are used to infer the orientations of the horizontal princi-
pal stress axes σ1, σ2 and σ3, respectively (Zoback, 1992).
The stress inversion results reveal that the orientations of
the principal stress axes are nearly vertical for σ1 and nearly
horizontal for σ2 and σ3. Axes orientations are computed
to be 62◦/277◦, 28◦/100◦, and 1◦/9◦ (dip/azimuth direction)
for σ1, σ2 and σ3. The stress inversion of the studied earth-
quake focal mechanism data shows that the present-day
stress ﬁeld is characterized by a pure extensional regime
(R′ = 0.74, Delvaux et al. (1997)) and a horizontal di-
rection of extension at N9◦E, close to N-S. The T axes
indicate that the Denizli Graben is opening in the direc-
tion NE-SW. This result indicates good agreement with the
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Fig. 5. Stress inversion result of the selected focal planes projected to the lower hemisphere (Schmidt stereographic projection). The histogram
represents the distribution of the misﬁt function F5, weighted arithmetically according to magnitudes.
Table 3. P and T axes of the analyzed earthquakes.
Event no P T
Azimuth (◦) Plunge (◦) Azimuth (◦) Plunge (◦)
1 289 30 191 13
2 254 45 352 9
3 350 65 214 18
4 294 65 196 3
5 297 39 207 1
6 310 55 205 10
7 80 63 188 9
8 304 52 209 4
9 299 36 207 2
10 69 38 324 18
11 250 44 154 7
12 294 44 185 19
13 300 49 199 9
14 304 25 211 6
15 186 79 37 10
16 141 71 33 6
17 194 79 350 10
18 245 69 8 12
19 193 79 350 10
20 93 64 184 1
studies of Kaymakc¸ı (2006) and Noten Van et al. (2013).
Kaymakc¸ı (2006) indicated that both the NE-SW and NW-
SE extension are presently active and they may frequently
interchange in time and place in the Denizli Graben, includ-
ing the Baklan, Acıgo¨l, and Burdur Basins.
The slip rate was calculated by using the obtained seismic
moment values listed in Table 2 for the time period 2004–
2009, by using Eq. (4). According to Kaymakc¸ı (2006),
the size of the Denizli Graben is approximately 50 km long
and 25 km wide. Using the depths of the analyzed earth-
quakes and considering other studies (S¸engo¨r, 1987; Akyol
et al., 2006), the thickness of the seismogenic zone is taken
to be 10 km. Then, the fault area is calculated by length
multiplied by thickness. The events 3, 4, 7 and 10 (Ta-
ble 2) occurred outside the graben, so they were excluded
from the slip rate calculation. The total seismic moment is
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calculated to be M0 = 3.629 × 1016 N m, and the total
area is A0 = 5.0 × 108 m2, and with the rigidity taken
to be μ = 3.3 × 1010 N m−2, the total slip was found
to be u = 2.2 × 10−3 m. The slip rate for the period
2004–2009 was calculated to be about 0.37 mm/year for
the whole basin, which is larger than the value of 0.14–
0.15 mm/year calculated by Koc¸yig˘it (2005), but compa-
rable with the studies of Westaway (1993) and Altunel and
Karabacak (2005). Westaway (1993) found the total exten-
sion of the normal faults to be 0.5 mm/year for the western
end of the basin, 0.3 mm/year for the center of the basin and
0.2 mm/year for the eastern end of the basin. Altunel and
Karabacak (2005) calculated these rates as 0.6 mm/year,
0.39 mm/year and 0.23 mm/year, respectively, for the same
segments.
The magnitudes of the analyzed earthquakes are less than
ﬁve, and it is well known that most of the accumulated
seismic moment is released by larger earthquakes. As seen
in Table 1, numerous large earthquakes have occurred in
the southwest of Turkey. However, three earthquakes—the
13 June, 1965, earthquake (MS = 5.7, mb = 5.1) in the
Ku¨c¸u¨kmalıdag˘ Fault Zone, the 19 August, 1976, earthquake
(mb = 5.0) in the Babadag˘ Fault Zone, and the 21 April,
2000, earthquake (mb = 4.8) in the Pamukkale Fault Zone
(Ates¸ and Bayu¨lke, 1982; O¨zalaybey et al., 2000; Horasan
et al., 2002; Koc¸yig˘it, 2005)—occurred in the study area.
Gutenberg and Richter (1956) have indicated that shocks
of the largest magnitude record with surface wave rela-
tively large compared with the body waves shocks of mag-
nitudes below 7, show relatively small surface waves when
recorded at teleseismic distances. Many long-period instru-
ments do not record such shocks clearly, which makes the
determination of magnitude from the data of distant stations
difﬁcult. Short-period instruments in such cases may show
a measurable P; the absence of recorded surface waves is
then sometimes misinterpreted as evidence for a deep focus.
Thus, the relationship between the two magnitudes estab-
lished by Gutenberg and Richter (1956) is:
mb = 0.63MS + 2.5. (5)
This equation indicates that the magnitudes of small earth-
quakes (M < 6.5) are better measured by mb and the large
ones (M > 6.5) by MS.
Scordilis (2006) obtained an empirical relationship be-
tween mb and the moment magnitude (Mw) using earth-
quake magnitudes reported by the International Seismo-
logical Centre (ISC), the National Earthquake Information
Center (NEIC), and Harvard University (HRVD). Using
the Scordilis (2006) relationships between mb and Mw, for
earthquakes with magnitudes (3.5 ≤ mb ≤ 6.2) yields:
Mw = 0.85mb + 1.03. (6)
The reported magnitudes of the other three earthquakes are
smaller than 6.5. First, the mb magnitudes converted Mw
using Eq. (6). Then, the seismic moment values of these







log Mo − 10.7. (7)
The seismic moment values which were calculated by Eq.
(7) (Mo is dyn.cm) of these additional three earthquakes,
taking into account the slip rate calculation, given a total
released seismic moment re-calculated as M0 = 3.066 ×
1017 N m. The slip rate is re-calculated for the time period
1965–2009. The calculated actual value of slip rate was
found to be 0.41 mm/year, which is slightly larger than the
estimated slip rate values.
5. Conclusions
The focal mechanisms of the small-moderate earthquakes
which occurred in the Denizli Graben System and the rela-
tion to the tectonics have been determined by using both
the analysis of P-wave polarities and the whole body-wave
form of regional seismograms. The major results based on
a dataset of 20 reliable fault plane solutions of small earth-
quakes are as follows:
(1) The earthquakes are characterized by a normal faulting
mechanism with large dip angles and small strike-slip
components. The depths of all analyzed earthquakes
are located in the range 6–8 km.
(2) The stress inversion results reveal a general trend
of NE-SW (N9◦E) extension for the entire Denizli
Graben System. The orientations of the principal stress
axes are vertical for σ1 and horizontal for σ2 and
σ3. Axes orientations are calculated to be 62◦/277◦,
28◦/100◦, and 1◦/9◦ (Inclination/Direction) for σ1, σ2
and σ3, respectively. The stress inversion of the stud-
ied earthquake focal mechanism data shows that the
present-day stress ﬁeld is characterized by an exten-
sional regime (R′ = 0.74) and a horizontal direction
of extension (Shmin or T axes) at N9◦E, close to N-S.
The T axes indicate that the Denizli Graben is opening
in the NE-SW direction.
(3) The extension rate or slip rate is calculated to be 0.41
mm/year, which is slightly larger than the estimated
values for the entire Denizli Graben for the time period
1965–2009.
(4) Focal mechanisms of the analyzed earthquakes, source
parameters, and the directions of the horizontal
stresses, SHmax and Shmin inferred from the analysis
of the focal mechanisms, present good agreement with
the general features for the Denizli Graben.
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Appendix A.
First motion polarities and moment tensor analysis re-
sults. a) Focal mechanism obtained from ﬁrst motion polar-
ities, b) Focal mechanism obtained by moment tensor anal-
ysis, c) Details of moment tensor analysis, d) waveform ﬁt-
ting (solid: observed waveform, dashed: calculated wave-
form).
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